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The probiotic organism Bifidobacterium lactis was isolated from a yoghurt starter culture with the aim of
analyzing its use of carbohydrates for the development of prebiotics. A sucrose utilization gene cluster of B.
lactis was identified by complementation of a gene library in Escherichia coli. Three genes, encoding a sucrose
phosphorylase (ScrP), a GalR-Lacl-type transcriptional regulator (ScrR), and a sucrose transporter (ScrT),
were identified by sequence analysis. The scrP gene was expressed constitutively from its own promoter in E.
coli grown in complete medium, and the strain hydrolyzed sucrose in a reaction that was dependent on the
presence of phosphates. Primer extension experiments with scrP performed by using RNA isolated from B.
lactis identified the transcriptional start site 102 bp upstream of the ATG start codon, immediately adjacent to
a palindromic sequence resembling a regulator binding site. In B. lactis, total sucrase activity was induced by
the presence of sucrose, raffinose, or oligofructose in the culture medium and was repressed by glucose. RNA
analysis of the scrP, scrR, and scrT genes in B. lactis indicated that expression of these genes was influenced by
transcriptional regulation and that all three genes were similarly induced by sucrose and raffinose and
repressed by glucose. Analysis of the sucrase activities of deletion constructs in heterologous E. coli indicated

that ScrR functions as a positive regulator.

Bifidobacteria are gram-positive anaerobes that occur in
large numbers in the intestines of humans and other animals
(44). Of the several hundred species of bacteria that colonize
the large intestine, bifidobacteria are generally considered to
be health promoting and beneficial (2, 23). Because of these
benefits, considerable research is being directed at promoting
the growth of bifidobacteria in the large intestine. One method
is to introduce more bifidobacteria into the bowel by the con-
sumption of fermented milk products containing the bacteria.
Another approach is to use prebiotics, which are defined as
nondigestible food ingredients that beneficially affect the host
by selectively stimulating the growth and/or the activity of one
or a limited number of colonic bacteria (14). A variety of
fructose-containing oligosaccharides, including inulin and oli-
gofructose, have been reported to stimulate the growth of
bifidobacteria (15, 16). Other nondigestible oligosaccharides,
including raffinose and stachyose, as well as the oligosaccha-
rides containing xylose, galactose, and maltose, have also been
shown to have similar effects (35). Bifidobacterium lactis has
been used industrially in fermented foods, such as yoghurt,
cheese, beverages, sausages, infant formulas, and cereals. It is
also available in natural remedies and supplemented tablets. B.
lactis has been reported to be useful for supporting and bal-
ancing a healthy intestinal flora, for reducing the incidence of
diarrhea and intestinal infections, for promoting the absorp-
tion of nutrients, for supporting the immune system, for main-
taining cholesterol levels, and for detoxifying the intestine, the
blood, and the liver (2, 7, 13, 21, 23). Despite the research to
improve bifidobacterial concentrations in the intestine, molec-
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ular genetic research with these organisms has been very lim-
ited. Only a small number of genes and two plasmids of mem-
bers of the genus Bifidobacterium have been cloned and
characterized (25, 45).

Since bifidobacteria are saccharolytic, they play an impor-
tant role in carbohydrate fermentation in the colon, and inulin,
oligofructose, and raffinose have been reported to be impor-
tant prebiotics. Investigation of the genetics involved in the
utilization of carbohydrates is, therefore, of interest. Inulin is a
polymer of p-fructose linked by B(2,1) bonds with an «(1,2)-
linked D-glucose at the end of the molecule (52). Oligofructose
is produced from inulin by partial enzymatic hydrolysis (34).
Raffinose, a trisaccharide found in soybeans (9), consists of
galactose «(1,6) linked to sucrose. Since the a(1,2) glycosidic
linkage of sucrose is found in the oligosaccharides that have
been described, screening for the genes involved in sucrose
utilization was investigated. B. lactis was the organism selected
for this study since it is the probiotic most widely used indus-
trially. In this report, cloning of a cluster of three genes from
B. lactis involved in the utilization of sucrose and character-
ization of one of these genes, the sucrose phosphorylase gene
(scrP), are described.

MATERIALS AND METHODS

Plasmids, bacterial strains, and growth conditions. Bifidobacterial cultures
were propagated at 37°C under strictly anaerobic conditions in BYG media, as
described by Degnan and MacFarlane (10), without peptone water and with 1%
(wt/vol) glucose as the carbon source. To obtain growth curves and for sucrase
assays, individual carbohydrates at a concentration of 1% (wt/vol) were substi-
tuted for glucose. Oligofructose (Raftilose P95) was supplied by Savannah Fine
Chemicals (Johannesburg, South Africa), and inulin (from chicory), raffinose,
and melezitose were supplied by Sigma.

The Escherichia coli strains and plasmids used are listed in Table 1. E. coli
JM109 (51) was used for all cloning and was routinely cultured aerobically at
37°C in Luria-Bertani (LB) medium (41) containing ampicillin (100 pg ml~").
MacConkey base medium (Difco Laboratories) and M9 minimal medium (27)
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics” f:fl; rrceené);
B. breve NCFB 2257 NCFB®
B. lactis This study
E. coli JM109 recAl endAl gyrA96 thi hsdR17 supE44 relAl N~ A(lac-proAB) (F' traD36 proAB lacI°ZAM1S5) 41
pEcoR251 Ap" (EcoRI) 53
pMT104 Ap', 0.15-kb B. fragilis fragment in pEcoR251 49
pSucl Ap', 4.7-kb Sau3A B. lactis fragment in pEcoR251 This study
pSuc2 Ap', 3.95-kb Sau3A B. lactis fragment in pEcoR251 This study
pSuc3 Ap', 5.9-kb Sau3A B. lactis fragment in pEcoR251 This study
pAST8 Ap', 3.2-kb Smal-Stul fragment from pSuc3 in pEcoR251 This study
pAReg2 Ap', 3.9-kb PstI fragment from pSuc3 in pEcoR251 This study

“ Ap', resistance to ampicillin.
» NCFB, National Collection of Food Bacteria, Reading, United Kingdom.

supplemented with ampicillin and 1% (wt/vol) sucrose were used to assess
fermentation of sucrose as a sole carbon source.

Isolation of B. lactis. Bifidobacterium-specific primers were used to isolate 16S
rRNA DNA fragments by PCR from Bifidobacterium breve NCFB 2257. A
fragment was labeled with digoxigenin according to the manufacturer’s instruc-
tions (Roche) and was used as a probe for colony hybridization to identify
Bifidobacterium colonies obtained from a freeze-dried yoghurt starter culture
(Chr. Hansen A/S). Colonies showing a positive signal were selected, and the
PCR was performed by using 7ag DNA polymerase (Supertherm) and a Gene-
Amp 9700 machine (Applied Biosystems). The following primers were used for
the Bifidobacterium 16S rRNA genes: forward primer 5'-CGC CAG GGT TTT
CCC AGT CAC GAC GGG TGG TAA TGC CGG ATG-3' and reverse primer
5'-CAG GAA ACA GCT ATG ACC CAC CGT TAC ACC GGG AA-3'.

Nucleic acid isolation and manipulation. All DNA manipulations were per-
formed by using standard procedures (41). B. lactis chromosomal DNA was
prepared as follows. Bacterial cells grown to the late exponential phase in 500 ml
of BYG medium containing 0.5% glycine were harvested by centrifugation (6,000
X g, 10 min, 4°C). The cells were washed twice in buffer (10 mM Tris-HCI [pH
8.0], 10 mM NaCl, 1 mM EDTA), resuspended in 10 ml of a lysozyme solution
(25% sucrose, 0.1 M NaCl, 0.05 M Tris-HCI [pH 8.0], 10 mg of lysozyme per ml),
and incubated for 2 h at room temperature. After incubation, 10 ml of buffer (10
mM Tris-HC, 10 mM NaCl, 1 mM EDTA; pH 7.5) was added and gently mixed.
Proteinase K (Roche) was added to a final concentration of 100 ug ml~" and was
incubated for 1 h at room temperature with gentle mixing. Sodium dodecyl
sulfate (final concentration, 2% [wt/vol]) and 0.5 mg of RNase (Sigma) were
added, and the mixture was incubated at 37°C for 30 min. The resulting cell lysate
was extracted three times with hot phenol (65°C) and then three times with
water-saturated ether. The DNA was precipitated with ethanol (41) and redis-
solved in 500 pl of water. A B. lactis chromosomal genomic library was con-
structed by partially digesting the DNA with Sau3A restriction endonuclease.
DNA fragments between 5 and 10 kb long were ligated into the Bg/II restriction
site of plasmid pEcoR251 (Table 1). Plasmid DNA was introduced into E. coli
JM109 by transformation of competent cells (41) for routine cloning and ma-
nipulation procedures. All restriction endonucleases were purchased from Am-
ersham or Roche and were used as specified by the manufacturer. Electrophore-
sis was performed on 0.8 to 1.0% agarose gels by using standard procedures (41).
DNA fragments were purified from the agarose gels with a High Pure PCR
product purification kit (Roche). For Southern hybridization and colony hybrid-
ization, DNA was transferred to a nylon membrane (Hybond-N; Amersham),
and hybridization and detection procedures were carried out as recommended by
Roche. DNA fragments that were used as probes were generated by random-
primed labeling by using a nonradioactive digoxigenin labeling and detection kit
(Roche). DNA sequencing was performed by the dideoxy chain termination
method (42) by using a Thermo-Sequenase sequencing kit (U.S. Biochemicals)
and universal and reverse primers fluorescently labeled with Cy5 as recom-
mended by the manufacturers. The sequencing reaction products were separated
with an AlfExpress DNA sequencer (Pharmacia), and the nucleotide sequence
obtained was analyzed by using the DNAMAN software package. Nucleotide and
amino acid homology searches were carried out by using the databases at the
National Center for Biotechnology Information and the BLAST program (1).

Enzyme and protein assays. Cell extracts were prepared from 100-ml cultures
grown to the required growth stage and harvested by centrifugation (6,000 X g,
10 min, 4°C). Cells were washed twice and resuspended in 5 ml of TA buffer (100

mM Tris, 100 mM acetate; pH 6) or TAP buffer (100 mM Tris, 100 mM acetate,
64.2 mM Na,HPO,; pH 6). The cells were disrupted by sonication at 4°C and 95
W for 3 min (E. coli) or 6 min (B. lactis) with 30-s cooling intervals (VirSonic
Digital 475 cell disrupter) and then centrifuged (15,000 X g, 20 min, 4°C).
Sucrase activity in the cell extract was measured by incubating 15 pl of 0.88 M
sucrose with 35 pl of the appropriate enzyme dilution for 30 min at 60°C.
Dinitrosalicylic acid was used to determine the amount of reaction product
formed, and glucose was used as the standard (26). Sucrose phosphorylase
activity was expressed in micromoles of reducing sugar produced per minute per
milligram of protein. The substrates used for specificity assays (sucrose, raffinose,
melezitose, oligofructose, and inulin) were each supplied at a concentration of
1% (wt/vol). Protein concentrations were determined by the method of Bradford
(5), and bovine serum albumin was used as the standard.

RNA analysis and primer extension. Total RNA was isolated from 50 ml of a
mid-exponential-phase culture of B. lactis as described by Beg (3), except that the
following DNase procedure was performed after isolation. RNase-free DNase
(30 U) and 20 wl of DNase buffer (200 mM sodium acetate [pH 4.5], 100 mM
MgCl,, 100 mM NaCl) were added to the precipitated DNA and incubated for
30 min at room temperature. Twenty microliters of 0.25 M EDTA was added to
inactivate the enzyme, and this was followed by extraction with phenol-chloro-
form and with chloroform-isoamyl alcohol (24:1). RNA was precipitated by
standard procedures (41). RNA slot blot analyses were performed in duplicate by
using a Hoeffer Scientific apparatus. For the B. lactis studies, a 16S rRNA probe
was used as an internal control. RNA was transferred to nylon membranes
(Roche) and hybridized according to the manufacturer’s instructions by using
digoxigenin-labeled DNA probes specific for the transcripts of the scrP, scrR, and
scrT genes. The following fragments were used as probes: 1.4-kb HindIII-BamHI
fragment, 0.35-kb Pvul-Pvul fragment, and 0.85-kb Pvul-Pvul fragment, respec-
tively. Signal intensities were measured with a Macbeth TD 109 transmission
densitometer. Results were expressed as the ratio of the gene-specific signal to
the internal control signal.

Primer extension was carried out with total RNA from B. lactis by using the
protocol described by Eikmanns et al. (12). Primer Sp (5'-GCA GAA TGT CGG
TCA TCG AAG C-3') that was fluorescently labeled with Cy5 was used for the
scrP gene.

Nucleotide sequence accession numbers. The DNA sequences of the Bi-
fidobacterium 16S RNA gene (521 bp) and the scrPRT gene cluster have been
deposited in the GenBank database under accession numbers AY151397 and
AF441242, respectively.

RESULTS

Isolation of B. lactis. Bifidobacterium colonies were isolated
from a freeze-dried yoghurt starter culture by colony hybrid-
ization by using a 0.6-kb PCR fragment from B. breve, which
was generated with genus-specific primers for Bifidobacterium.
PCR was performed with colonies that hybridized to the probe
by using the same Bifidobacterium-specific primers. Sequence
analysis with a BLAST search revealed sequence identity
(99%) to B. lactis 16S rRNA (accession no. AB050136). How-
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FIG. 1. Growth curves for B. lactis grown in media containing of
each of the various sugars used at a concentration of 1% (wt/vol). An
overnight culture of B. lactis in BYG medium was diluted 10~ into the
relevant media, and the growth was monitored by measuring the op-
tical density at 600 nm (ODy ) at the times indicated. Symbols: <,
glucose; m, sucrose; A, glucose plus sucrose; @, raffinose; O, oligofruc-
tose.

ever, 99% sequence identity to Bifidobacterium animalis TRNA
(accession no. AB050138) was also observed, and it has been
suggested based on a DNA-DNA hybridization analysis that B.
lactis is a subjective synonym of B. animalis (6).

Growth curves for B. lactis. Growth curves for B. lactis grown
in BY media containing various carbohydrates (fructose, glu-
cose, sucrose, glucose plus sucrose, raffinose, oligofructose,
and inulin) were determined (Fig. 1). Of the carbohydrates
that have been shown to be bifidogenic (namely, raffinose,
oligofructose, and inulin), only raffinose was found to support
better growth than glucose. B. lactis grew very weakly in oli-
gofructose, while no growth was observed in inulin and in
fructose.

Total sucrase activity in B. lactis. Sucrase activity was as-
sayed in B. lactis cultures grown to the mid- and late-logarith-
mic phases in BY medium containing sucrose, glucose, sucrose
and glucose, raffinose, or oligofructose (Table 2). The sucrase
activities under the different conditions did not differ greatly
between mid- and late-log-phase cultures. Similar activities
were recorded for cultures grown in glucose and in glucose
plus sucrose, and these activities were considered the basal
level. Sucrase activity was induced 2-fold in the presence of
sucrose or raffinose and 1.4-fold in the presence of oligofruc-
tose compared to the basal level.

Isolation of the scr gene cluster of B. lactis. A library of B.
lactis DNA was established in E. coli JM109 by insertional
inactivation of the EcoRI gene of pEcoR251 and was screened
on minimal medium containing sucrose. Six colonies able to
utilize sucrose as the sole carbon source were isolated and were
found to contain inserts that were different sizes but had a
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1.9-kb BamHI-Pst1 fragment in common. The plasmid contain-
ing the largest insert was designated pSucl, and analysis of this
plasmid revealed a 4.6-kb insert (Fig. 2). DNA sequencing of
pSucl revealed two open reading frames (ORFs) that were
read divergently (ORF1 and -2) and a third truncated ORF
(ORF3) (Fig. 2). ORF2 and -3 were oriented in the direction
opposite that of the N promoter on the plasmid vector. The
origin of the insert in pSucl was confirmed by Southern hy-
bridization of the 1.4-kb BamHI-HindIII fragment to B. lactis
chromosomal DNA. Complete ORF3 was isolated by colony
hybridization by using the 0.45-kb Pvul-Sall DNA fragment
from pSucl as a probe. One clone was selected for further
analysis and designated pSuc2 (Fig. 2).

Sequence analysis. DNA sequencing of pSucl revealed that
ORF?2 consisted of 1,518 bp encoding 506 amino acids with a
calculated molecular mass of 55,660 Da. At the protein level,
the ORF2 product showed identity to sucrose phosphorylases
of Agrobacterium vitis (level of identity, 56%; accession no.
P33910), Pseudomonas saccharophila (level of identity, 53%;
accession no. AF158367), Streptococcus mutans (level of iden-
tity, 41%; accession no. P10249), and Leuconostoc mesen-
teroides (level of identity, 39%; accession no. Q59495). On the
basis of sequence identity and functionality (see below), ORF2
was designated scrP. Sucrose phosphorylases reversibly cata-
lyze the following reaction: sucrose + phosphate < a-D-glu-
cose-1-phosphate + D-fructose (36, 48).

Several possible in-frame ATG start codons were identified
for ORF3, none of which had a typical Shine-Dalgarno se-
quence preceding it. BLAST searches showed amino acid se-
quence identity from the ATG at nucleotide position 2,072 bp.
The levels of amino acid sequence identity to transporters
belonging to the sugar transporter family of prokaryotes and
eukaryotes were 20 to 28%, and the highest overall identity was
that to a putative membrane protein from Caulobacter crescen-
tus (accession no. AE005901). The N terminus of the ORF3
product showed 29 to 33% identity to plant sucrose symport-
ers, including those of Vitis vinifera (level of identity, 33%;
accession no. AF182445), Daucus carota (level of identity,
29%; accession no. T14339), Solanum tuberosum (level of iden-
tity, 31%; accession no. AF237780), and Lycopersicon esculen-
tum (level of identity, 30%; accession no. AF176950), suggest-
ing that this ORF product might be involved in the transport of
sucrose. A hydropathy plot of the predicted protein revealed a
hydrophilic N terminus with a number of highly hydrophobic
regions, which were interspersed with regions of hydrophilicity
(data not shown). This secondary structure is common in pro-
teins that belong to the sugar transport family (22) and gen-
erally have 11 or 12 discrete hydrophobic domains which are

TABLE 2. Total sucrase activities in B. lactis grown in the presence of various carbohydrates®

Growth phase

Enzyme in the presence of’:

Glucose Glucose + Sucrose Oligofructose Sucrose Raffinose
Mid-log 1.35 (0.3) 1.32(0.3) 1.93 (0.2) 2.74 (0.3) 2.65 (0.3)
Late log 1.03 (0.2) 1.08 (0.2) 1.98 (0.2) 2.16 (0.6) 2.95 (0.6)

“ Sucrase assays were performed in TAP buffer.

b Specific activity is expressed in micromoles of pwmol reducing sugar per minute per milligram of protein. The values are means of two experiments, and standard

deviations are indicated in parentheses.
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FIG. 2. Genetic organization of the scr genes of the B. lactis sucrose utilization system. Transcriptional polarities are indicated by arrows. The
thick and thin lines represent insert and vector, respectively. Plasmids pSucl and pSuc2 originated from the Sau3A gene bank constructed in the
Bgl1I site of the vector pEcoR251. Plasmid pSuc3 was constructed from pSucl and pSuc2, and pAST8 and pAReg2 were subcloned from pSuc3
into pEcoR251. The sucrase activity conferred on E. coli by the constructs was measured in cell extracts and was expressed in micromoles of
reducing sugar per minute per milligram of protein. Assays were performed in duplicate, and standard deviations are indicated in parentheses.
Sizes (in kilobases) are indicated after the restriction enzyme abbreviations. B, BamHI; Bg/S, Bglll/Sau3A; H, HindIll; P, PstI; Pvl, Pvul; Sa, Sall,

Sm, Smal; St, Stul.

potential transmembrane a-helices. ORF3 appeared to encode
11 domains and was designated scrT.

ORF1, which read divergently from ORF2, consisted of 978
bp encoding 326 amino acids with a calculated molecular mass
of 35,860 Da. At the protein level, sequence identity was ob-
served between the ORF1 product and the N-terminal regions
of members of the GalR-Lacl family of bacterial transcrip-
tional regulators (29). Since this region of the GalR-Lacl fam-
ily has been implicated in DNA binding due to a helix-turn-
helix motif (Fig. 3), these results suggested that the ORF1
product might also be involved in such interactions. Moreover,
the ORF1 product also showed identity throughout the amino
acid sequence to other sucrose regulators which also belong to
the GalR-Lacl family, including those of Lactococcus lactis
(level of identity, 37%; accession no. Q04939), S. mutans (level
of identity, 31%; accession no. Q54430), and Pediococcus pen-
tosaceus (level of identity, 29%; accession no. P43472). A mul-
tiple-sequence alignment of these sucrose regulators with the
ORF1 product is shown in Fig. 3, in which conserved regions
other than the N-terminal region are shown. These conserved
regions may be involved in sugar binding (50). Therefore,
ORF1 was designated scrR. The alignment revealed a possible
start codon, ATG, which is preceded by a potential Shine-

Dalgarno sequence (AGGAGG) at positions —6 to —11 rela-
tive to the ATG (Fig. 4) (46). A stem-loop structure was de-
tected 73 bp downstream of the stop codon, which might
function as a rho-independent terminator; however, the T
stretch is missing. Two direct repeats were identified (Fig. 4),
which may be involved in promoter activity or could serve as
potential protein binding sites for regulators (30).
Transcriptional regulation of scrP. To determine the tran-
scriptional start point, primer extension analyses were per-
formed with RNA extracted from B. lactis cells grown in raf-
finose. A transcription start site was assigned to a T at position
102 bp in front of the scrP ATG start codon (Fig. 4). Screening
for promoter consensus sequences did not reveal any typical E.
coli —10 and —35 sequences. Examination of the adjacent
sequence revealed a GGTAAA sequence 13 bp from the tran-
scription start site. In Corynebacterium glutamicum, a gram-
positive and high-G+C-content organism closely related to
Bifidobacterium, this sequence has been shown to be a proba-
ble —10 sequence (31). A TTGCAT sequence in the —35
region was found, which might be involved in transcription
initiation. An inverted repeat was identified at positions 1 to 14
relative to the transcriptional start site; this repeat could serve
as a potential operator site for the ScrR regulator (50). This
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Helix Helix
SmscrR MVAKLTDVAKLAGVYPTTVSRVINRKGYLSEKTITKVQAAMKTLGYKPNNLARSLOGKSA
PpscrR MKPKLNDVAKLAGVIATTVSRVINNHGYLSSQTKEKVFAAMRELHYQPNNMARSLOGKNT
LlsacR ~-MIKLEDVANKRGVIVTTVSRVINRKGYLSDATISKVEKAMODLHY T PNAAARSLOGKSL
BlscrR ~MVGMRDVAKRAGVIVSSVSLVINGTGYVSRDMREKVEQAMRELDYVPNELARNFYHGKT
* kK * ok kK ..** * Kk Kk **-* * * **. * Kk Kk k * K
SmscrR KLIGLIFPNISHIFYSELIEYLEIELFKHGYKAI ICNSQNNPDKERDYLEMLEANQVDGT
PpscrR RLIGVIFSDISNPFFGELVSRIEKILFAKNYKVILCNSADDPOKERDYLOMLMANQVDGI
LlsacR KLIGLVFPTIKNIFYAELIEKIEQALFIRGYKAMLATTEHDEQKERDYLALLLSNOVDGT
BlscrR DIIGVIVPTIQHPFFATLTAHLOHEFADRGLOTMLCSTADSANGEAQYVDMLRRHSLDAL
-**.- * *- * . . . . . . . - * *. -* . a*
SmscrR ISSSHNLGIDDYEKVSAPIIA-~FDRNLAPNIPIVSSDNFEGGRMAAKLLKKHGCOHPIMI
PpscrR IAGAHNLGIEEYQQYGLPIIS-FDRYLSDNIPIVSSDNYQGGWLATQTLHOAGATNVATLF
LlsacR IYGSHNLKAHDYIAIEAPIVA-FDRLLTPETTVVSSDNFEGGILATKALINSGSKKIAIF
BlscrR VVAAHTTHDPQYWRAIDRPVVAFDRNLGAGI TQVSSDHVHGGELIAELLVRTGAHHVVMV
'*. * * k& * ****. * * . . * *.
SmscrR AGKDNSNSPTALRQLGFKSVFAQAPIFHLSGELSI IRKE-—~~MEIKVILONEKPDGIFL
PpscrR TGKSHAGSPTNGRREGYEAYLTAQQLTPHVHELPFELTPALKMME IKTIMTQHQYDGI FC
LlsacR TGNDNTNSPTYLRRDGYLLELERNQLKPHIIKIPSQOWTL~--~LRKKVEIKKILENNDED
BlscrR GGPRAQFTDLGDHSTFPTVRYVQTLEDRLSQARIAHTYIESGEVFDIAGVRRAVREAFDT
*
SmscrR o]0 Ere——— DMTAILTMKIANQLNITIPHELKIIGYDGTHFVENYYPYLTTIRQPIKDI
PpscrR S0 [ —— DLAALLVLNVAQQLSLTVPEQLRVVGYDGTALIRDYHSELTTVEQPLADT
LlsacR GV e m FCTDDLTAILVKDLASNLKKSLNVVGFDGTEFIENYYPNLTTIKQOPINDL
BlscrR YPDMDAFVGADLAARAFAVQEAVSRSIAVPRDVQIIAYDGTLAADCAGMPLTTVAQDFRQT
.*** ***. *

SmscrR AHLLVDILLKKIDHODIPKDYILPVGLLSGESV--

PpscrR STLLVSLLLORIEDANCTLESKYTLPVKLIKGFTA

LlsacR AELLVDLIIRKIDGDNIDITYQLPVQLHYGID---

BlscrR AHTIAACVEHGIESSPQRPDATDAMPT == —mm e
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FIG. 3. Multiple-sequence alignment of ScrR of B. lactis (BlscrR) and other sucrose regulators, including those of S. mutans (SmscrR)
(accession no. Q54430), L. lactis (LlsacR) (accession no. Q04939), and P. pentosaceus (PpscrR) (accession no. P43472). Identical amino acids are
indicated by asterisks, and similar amino acids are indicated by dots. The helix-turn-helix motif (enclosed in boxes) is conserved in all these

proteins, which belong to the GalR-Lacl family of regulators.

inverted repeat sequence also showed weak homology to the
consensus sequence of catabolite response elements which
control catabolite repression in gram-positive bacteria (20).
This potential catabolite response element differed from the
consensus sequence at the 2nd, 3rd, 12th, and 13th positions. A
canonical gram-positive Shine-Dalgarno sequence, AGGAGG
(46), was found 4 bp from the scrP ATG start codon (Fig. 4).

Sucrose phosphorylase activity conferred on E. coli by
pSucl. Analysis of enzyme activities in cell extracts prepared
from E. coli cells carrying pSucl confirmed the presence of
constitutive sucrose phosphorylase activity. It was found that if
phosphate was present in the buffer (TAP buffer), the enzyme
activity increased 30-fold (from 1.3 to 41.3 wmol min—! mg 1),
suggesting that the phosphate component of the TAP buffer
plays a role in the activity of this enzyme. This phosphate

dependence is a property of such proteins (36, 47, 48), and a
similar result was obtained for the gtf4 product of S. mutans
(37). Together with the amino acid homology search results,
this confirms that the scrP product is a sucrose phosphorylase.
Our investigation of the substrate specificity indicated that the
sucrose phosphorylase could catalyze hydrolysis of sucrose but
not hydrolysis of raffinose, melezitose, or inulin.

Regulation of expression of the scrP, scrR, and scrT genes in
B. lactis. RNA slot blot analysis was performed to investigate
the transcriptional regulation of the scrP, scrR, and scrT genes
by various carbohydrates. RNA was extracted from B. lactis
cells grown in BY medium containing one of the following:
sucrose, raffinose, oligofructose, glucose, or glucose plus su-
crose. Then the RNA was hybridized to probes specific for
each gene (Fig. 5). Compared to the scrP mRNA levels in
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FIG. 4. Mapping of the transcription start site of the B. lactis scrP gene by primer extension analysis. (A) Primer extension products obtained
by using RNA extracted from B. lactis grown in BY medium containing sucrose. (B) DNA sequencing fluorogram corresponding to the region
analyzed. The Cy5-labeled SP primer was used for both the primer extension and sequencing reactions. (C) Nucleotide sequence of the promoter
regions preceding the scrP and scrR genes. Putative promoters (—35 and —10 regions) and ribosome-binding sites (SD) are indicated by boldface
type and underlining. The transcriptional start site (TS) of scrP, as determined by primer extension analysis, is indicated by boldface type. The
arrows indicate the directions of the direct and indirect repeat sequences. The indirect repeat is a perfect palindrome which may act as an operator
site for a GalR-Lacl family regulatory protein.
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FIG. 5. RNA slot blot analysis of scrP, scrT, and scrR mRNA in mid-logarithmic-phase cells of B. lactis grown in different carbon sources.
(A) Gene-specific mRNA and 16S rRNA signals detected by slot blot analysis. (B) mRNA levels expressed as ratios of the gene-specific
hybridization signal to the 16S rRNA hybridization signal. Experiments were performed in duplicate, and standard deviations are indicated in
parentheses. GS, glucose plus sucrose; R, raffinose; OF, oligofructose; S, sucrose; G, glucose; ND, no gene-specific signal detected.

glucose-grown cultures, the scrP mRNA levels were approxi-
mately 6-fold greater in the presence of sucrose or raffinose
and 1.25-fold greater in the presence of oligofructose. In the
presence of glucose and sucrose, the activity was increased only
approximately fourfold, indicating that there was glucose re-
pression. For scrR and scrT, mRNA signals were present only
under inducing conditions in the presence of sucrose or raffin-
ose.

Regulation of scrP by scrR in E. coli. In order to assign a
regulatory function to scrR, the following constructs were de-
signed (Fig. 2). B. lactis DNA from pSucl and pSuc2 was
ligated at the BamHI site to obtain pSuc3. The 3.2-kb Smal-
Stul and 3.9-kb PstI fragments from pSuc3 were cloned into the
BglIl site of pEcoR251, resulting in plasmids pAST8 and
pAReg2, respectively, which had the scrT gene and a portion of
the scrR gene encoding 245 amino acids deleted, respectively
(Fig. 2). Growth of E. coli harboring constructs pSucl, pSuc3,
and pASTS resulted in loss of the plasmid when the organisms
were cultured in minimal media and during late-logarithmic-
phase growth in LB broth. E. coli(pSuc3) was unable to grow in
LB broth containing 1% sucrose. Sucrase activity was, there-
fore, determined by using mid-logarithmic-phase cells cultured
in LB broth, which had been confirmed to contain the plasmid.
The results are shown in Fig. 2. Vector plasmid pMT104 did
not confer sucrase activity in E. coli. E. coli cells carrying pSuc2
were unable to hydrolyze sucrose since the scrP promoter and
the ATG start codon were not present on the insert. The
activity was highest with pSuc3, when all three genes were
present. Activity was reduced 1,000-fold with pAReg2, in which
the scrR gene was truncated, and was reduced 4- and 8-fold

with pSucl (scrT truncated) and pASTS (scrT deleted), respec-
tively.

DISCUSSION

Bifidobacteria play a large role in the fermentation of car-
bohydrates in the colon, and inulin, oligofructose, and raffinose
have been implicated as bifidogenic factors (15, 16, 19). Our
aim was to investigate the genetic systems involved in the
utilization of carbohydrate substrates in order to understand
the growth and survival of bifidobacteria in the intestine.
Screening for genes involved in the utilization of sucrose,
which contains the «(1,2) bond between glucose and fructose
and is common in the three bifidogenic carbohydrates, resulted
in isolation of a cluster of sucrose utilization genes. Nucleotide
sequence analysis indicated that three genes were cloned from
B. lactis; these genes, scrP, scrR, and scrT, encode a sucrose
phosphorylase, a sucrose regulator, and a transport protein,
respectively. To our knowledge, this cluster of sucrose utiliza-
tion genes is the first cluster of sucrose utilization genes iso-
lated from Bifidobacterium.

For the majority of gram-positive bacteria, the predominant
mechanism that facilitates sucrose uptake is the phosphoenol-
pyruvate-dependent phosphotransferase system (39), which re-
sults in intracellular accumulation of sucrose 6-phosphate. The
sucrose 6-phosphate is metabolized further, yielding glucose
6-phosphate and fructose. In organisms that do not possess
active phosphotransferase systems, sucrose hydrolysis could
imply that there is either an invertase or a sucrose phosphor-
ylase (11). Catabolism of sucrose by sucrose phosphorylases
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results in the products a-D-glucose 1-phosphate and p-fructose
(47, 48). The deduced amino acid sequence of the scrP gene
product of B. lactis exhibits identity to the sequences of sucrose
phosphorylases from both gram-positive and gram-negative
bacteria. It is likely, therefore, that glucose 1-phosphate is
generated by the ScrP protein, which is then converted by
glucose-6-phosphate isomerase for utilization in the p-fructose
6-phosphate shunt typical of bifidobacteria (4). Further anal-
ysis of the products generated from ScrP activity is being un-
dertaken to confirm the mode of action.

Expression of sucrose catabolic genes is in most cases regu-
lated at the transcriptional level (24). Analysis of the scrP
mRNA levels indicated that there was sixfold induction in the
presence of sucrose or raffinose compared to the mRNA levels
in the presence of glucose (Fig. 5). This was reduced to four-
fold induction in cells grown in glucose plus sucrose. Transcrip-
tion of the scrR and scrT genes was induced similarly by sucrose
and raffinose and could not be detected in glucose-grown cells
(Fig. 5). Total sucrase activity in B. lactis was also induced by
sucrose and raffinose and repressed by glucose (Table 2).
These results indicate that transcriptional regulation plays a
role in the control of scrP, scrT, and scrR expression and that
these genes are subject to glucose repression.

The development of cloning vectors and transformation
techniques has not yet progressed sufficiently to enable genetic
manipulations, such as site-directed mutagenesis, to be per-
formed with B. lactis. The regulation of scrP by scrR was,
therefore, determined in E. coli by using plasmid deletion
constructs. The activity was highest in cells with construct
pSuc3 (Fig. 2), in which scrP, scrT, and scrR were all present.
Since scrP is oriented in the direction opposite that of the \
promoter of the vector, it is likely that the genes are expressed
from their own promoters in E. coli. Phosphorylase activity was
almost eliminated in cells with pAReg2, which contained the
entire scrR-scrP intergenic region and the truncated scrR gene,
indicating that ScrR could function as a positive regulator.
Although cells with pSucl and pASTS8 exhibited significant
sucrase activities, the levels were greatly reduced compared to
the level in cells containing pSuc3. This suggests that ScrT, at
least in the heterologous system of E. coli, might also contrib-
ute to the activity of ScrP.

Therefore, by analogy with other GalR-LaclI-like regulatory
proteins, the mode of action of ScrR could be as follows: in the
presence of sucrose or raffinose, transcription is induced by
binding to palindromic operator sites. A potential operator site
was identified next to the transcription start site of scrP (Fig.
4). It is possible that this operator sequence, which has simi-
larity to the consensus sequence of catabolite response ele-
ment sites, might also be a weak target for regulatory protein
CcpA, which mediates catabolite repression in gram-positive
bacteria (17, 20, 38).

It is interesting that the amino acid sequence encoded by
scrR exhibits significant homology with the sequences of su-
crose regulators of L. lactis, S. mutans, and P. pentosaceus. In
a phylogenetic analysis of sucrose regulators (33), it was re-
ported that within the GalR-Lacl family, proteins involved in
the regulation of sucrose catabolic genes have evolved sepa-
rately at least four times. The B. lactis ScrR protein, therefore,
falls in the cluster consisting of the S. mutans and P. pentosa-
ceus proteins. However, unlike the genes in these organisms,
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the scrR gene of B. lactis is not associated with sucrose phos-
photransferase system and hydrolase genes. In P. pentosaceus,
L. lactis, and S. mutans, the scrR gene is cotranscribed with the
scrB gene (sucrose-6-phosphate hydrolase), and the scrA gene
(enzyme I15°") is transcribed from the opposite DNA strand
(18,24, 28, 32, 43). In L. lactis and P. pentosaceus these sucrose
utilization genes are located on plasmids or transposons (28,
32), and therefore horizontal gene transfer from these organ-
isms to B. lactis could have occurred.

The rate at which an organism can grow on a particular
carbon source influences its ability to compete with other bac-
teria in the colon and, therefore, determines whether a partic-
ular substrate can be used as a prebiotic (19). Although inulin
and oligofructose are considered good prebiotics for stimula-
tion of bifidobacteria in the intestine, these substrates were
unable to support significant growth of the B. lactis strain
isolated in this study. It has been reported, however, that B.
lactis Lafti B94 is able to utilize inulin and fructooligosaccha-
rides (8). The carbohydrate utilization patterns within a bi-
fidobacterial strain have been shown to vary considerably (19),
which also seems to be the case with the species B. lactis. These
results indicate that raffinose-containing substrates, such as
soybean oligosaccharides (9, 40), might be better candidates
for stimulation of B. lactis growth.
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